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STATUS OF RUNWAY SLIPPERINESS RESEARCH 


Walter B. Horne 
NASA Langley Research Center 



SUMMARY 

Runway slipperiness research performed in the United States and Europe 
since 1968 has been reviewed. This review suggests the following benefits 
to the aviation community: Better understand! % of the hydroplaning phe- 

nomena; a method for predicting aircraft tire t irformance on wet runwayr 
from a ground-vehicle braking test; runway rubber deposits identified 
serious threat to aircraft operational safety; methods developed for 
removing rubber deposits and restoring runway traction to uncontaminate., 
surface levels; and developed antihydroplaning runway surfaces, such as 
pavement grooving and porous friction course, which considerably reduce 
the possibility of encountering aircraft hydroplaning during landings in 
rainstorms. 


INTRODUCTION 

Extensive research has been performed in the United Stater and Europe 
since 1968 in an effort to combat problems relative to aircraft operations 
on slippery runways. This research has led to a more complete under- 
standing of the sources of these operating problems and, as a result, 
improved methods are being introduced to control or alleviate these prob- 
lems. The purpose of this paper is to review the present status of ru. way 
slipperiness research in the following areas of interest: 

(1) Runway flooding during rainstorms 

(2) Hydroplaning 

(3) Identification of slippery runways including the results from 
ground vehicle friction measurements and attempts to correlate 
these measurements with aircraft stopping performance 

(4) Progress and problems associated with the development of 
antihydrop]aning runway surface treatments such as pavement 
grooving and porous friction course (PFC) 

(5) Runway rubber deposits and their removal 
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RUNWAY FLOODING DURING RAINSTORMS 

During 1971, the Texas Transportation Institute (TTI), Texas A&M University, 
published the results of a comprehensive study on the effects of rainfall 
intensity, pavement cross slope, surface texture, and drainage length on pave- 
ment water depths (ref. 1). From the TTI study, an equation can be derived to 
predict the rainfall intensity required to initiate flooding in aircraft tire 
paths on the runway as follows: 

For SI Units: 


I F = 1.253 x 10 J 


,.39 


•A. 695 


L- 43 (1/S)* 42 


(la). 


For U.S. Customary Units: 


Ip = 1.543 x 10 


r 89 

l' 43 (i/s)’ 42 


1.695 


(lb) 


where 

Ip rain rate required to initiate runway flooding in 

tire path, mm/hr (in/hr) 

T pavement surface texture depth (ATD) , mm (in.) 

L tire path distance from runway crown, m (ft) 

S runway cress slope, m/m (ft/ft) 


It should be noted that equations (1) are derived from data obtained on ungrooved 
pavements and from pavements that have not been treated with a porous friction 
course. Figure 1 illustrates how equations (1) can be used to predict whether 
a flooded runway condif* a will exist for a typical jet transport landing on 
the runway center line curing a rainstorm. The trends shown in figure 1 suggest 
that a pavement must be provided with a good cross slope and a good surface 
texture to minimize the risk of runway flooding and dynamic hydroplaning occur- 
ring to aircraft during take-off and landing in rainstorms. 


Effect of Surface Winds on Drainage 

Surface winds, when present on runways, can appreciably affect runway 
drainage by changing the direction of water flow off the side of the runway which 
tends to increase the drainage path length and increase runway water depths. 
Observations of water drainage from a number of runways using a dye test (sodium 
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fluorescein dye injected into draining water on the runway .0 improve flow 
visualization) suggest that surface winds do not appreciably affect water drain- 
age from runways as long as the draining water is flowing below the top of the 
pavement texture. Surface winds do affect water drainage from runways when 
flooded conditions exist and the water is flowing as a sheet above the top of 
the pavement texture. In the latter v.ase, the water drainage-path angle with 
respect to the runway center line is determined from the vector sum of the wind 
and gravitational forces acting on the water. Typical examples of this behavior 
are shown in figure 2 (ref. 2) where the water drainage patterns (from a dye 
test) obtained on a conventional burlap drag and a wire-combed (plastic grooved) 
concrete runway surfaces during artificial wetting tests performed in a 10-knot 
surface wind are compared. The average texture depth (ATD) of the ungrooved 
burlap drag surface was 0.28 mm (0.011 in.) as measured by the NASA grease test. 
This texture depth was insufficient to prevent surface flooding under the 
artificial wetting conditions, and the water drainage path direction was rotated 
toward the runway center line by the action of the surface wind. Unoer the 
same surface wetting and wind condition, the grooved concrete surface with an 
ATD of 0.81 mm (0.032 in.) allowed most of the draining water to flow below the 
top of the surface texture (unaffected by wind). As a consequence, the water 
drainage path on this surface was nearly inline with the transverse grooves 
and the runway cross slope. 


Flooding on Grooved Runways 

NASA has constructed a concrete runway 4372 m (15 000 ft) long and 91 m 
(300 ft) wide at the Kennedy Space Center (KSC) for the space shuttle. (See 
fig. 3.) A longitudinal broom surfacing treatment was given the fresh concrete 
as it was paved by a slip-form paver (fig. 4). The concrete runway surface 
several months after paving was grooved by diamond saws to a transverse 
29 x g x 6 mm (1-g- x x in. ) pattern with the resulting surface texture 
shown in figures 5 and 6. The Langley Research Center (LaRC) performed drainage 
and traction studies on the space shuttle runway in June 1976. 

On June 20, 1976, the Cape Canaveral area was subjected to a series of 
thunderstorms during which heavy rain fell on the shuttle runway. Figure 7 
shows the rain rates and surface flooding that occurred on the shuttle runway 
during a 30-minute period as one of the thunderstorms passed over the runway. 

The space shuttle runway is oriented in a north/south direction; a wind of 
approximately 10 knots magnitude from the southwest was observed during the 
storm. For this wind condition, the data in figure 7 show that a rain rate of 
approximately 81 mm/hr (3.2 in/hr) Is required to s^art runway flooding in the 
shuttle main gear tire paths (landing on runway center line) . 

The predicted rain rate (from eqs. (1)) required to flood the runway in the 
shuttle main tire path is 47.1 imn/hr (1.85 in/hr). This difference between 
observed (81 mm/hr (3.2 in/hr)) and estimated (47.1 mm/hr (1.85 in/hr)) rain 
rates gives added weight to features long observed on runways grooved with a 
diamond saw technique; that is, the polished groove channels (from the diamond 
saw cuts) greatly reduce water flow resistance over water draining through and 
over the comparatively much rougher texture of conventional surface treatments. 
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In addition, the draining water is forced by the groove channels to take the 
shortest drainage path (down the grooves) off the runway edge even on runways 
with longitudinal slope. As a consequence, water drainage from runways grooved 
with the diamond saw technique is greatly increased over ungrooved runway 
surfaces. (See fig. 8.) It is believed that plastic grooving techniques are 
not as effective as the sawed groove technique for water drainage because the 
grooves can be interrupted or misalined at paving lane edges and the groove 
channels have rougher wall surfaces. 


Flooding on Porous Friction Course Runways 

Water drainage from the porous friction course (PFC) runway at Farnborough, 
England, was personally observed during a heavy rain in 1965 and the runway did 
not flood while adjacent conventional surfaces did. Most PFC surfaces are 
19 mm (3/A in.) thick and have void ratios ranging between 0.1 and 0.15, which 
give this surface treatment a high water storage capacity before the surface 
floods. However, water drainage over and through this surface treatment is 
interstitial with many abrupt flow direction changes as well as rough flow 
surfaces. Consequently, the drainage-path lengths will be longer for a PFC 
surface than for a grooved surface, especially on runways with longitudinal 
slope. For these reasons, it is believed, but not yet substantiated, that PFC 
surfaces will not drain water from runways as effectively as grooved surfaces 
(diamond saws) during prolonged rainfalls having high rainfall rates. 


HYDROPLANING 

The three presently known types of hydroplaning were first defined in 
reference 2, that is, dynamic, viscous, and "reverted" rubber hydroplaning. 
Continuing research on hydroplaning since that time has in general supported the 
conclusions reached in reference 2. However, this later research has shown new 
aspects of hydroplaning that are significant nnd . f importance to describe. 


Wheel Spin-Up Speed 

Early (1960) NASA track hydroplaning research was conducted by rolling 
full-size unbraked aircraft tires across dry and flooded runway sections. The 
aircraft tire spun up at touchdown on the dry pavement and then entered the 
flooded runway section at synchronous runway wheel speed and subsequently spun 
down or stopped completely when the carriage speed equaled or exceeded the tire 
hydroplaning speed. This type of test defined the well-known tire hydroplaning 
speed equation (ref. 3), which is given as follows: 

For SI Units: 

( v p) spm-do™ * 3 ' 43 ^ 
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For U.S. Customary Units: 


( V p) spin-down ~ 9 


(2b) 


where 

( V p) spin-down t * xe s pi- n- down hydroplaning speed, knots 

2 

p tire inflation pressure, kPa (lb/in ) 

Since 1960, the aircraft industry has used this equation to define the 
hydroplaning speed for particular aircraft and aircraft flight manuals. Starting 
in 1970, investigation of aircraft hydrcplaning accidents suggested that the 
spin-ip hydroplaning speed for a nonrotating aircraft tire (as at aircraft 
touchdown) might be lower in magnitude than the speed predicted by equations (2) 
for a rolling unbraked tire. (See refs. 4 and 5.) As a consequence, refer- 
ences 6 and 7 defined the tire wheel spin-up hydroplaning speed on flooded 
runways as 

For SI Units: 



spin-up 


2.93 vp 


(3a) 


For U.S. Customary Units: 




spin-up 


7.7 ,p 


(3b) 


where 

( V p) spin-up ti re spin-up hydroplaning speed, knots 

2 

p tire inflation pressure, kPa (lb/in ) 

Additional verification of this new hydroplaning equation (eqs. (3)) is given 
in reference 8 and shown in figure 9. It is important that aircraft flight- 
manual hydroplaning speeds be changed to reflect the values given by equa- 
tions (3) since this hydroplaning speed represents the actual tire situation 
for aircraft touchdown on flooded runways. 

Reverted Rubber Hydroplaning 

Reverted rubber hydroplaning was first recognized and defined from friction 
data produced at the Langley landing- loads track (ref. 2), now called the 
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Langley aircraft landing loads and traction facility, and from investigation of 
NTSB (National Transpoi cation Safety Board) aircraft skidding accident reports 
prior to 1965. (Data from the Langley landing-loads track or the Langley air- 
craft landing loads and traction facility are herein after designated "NASA 
track data," and the facility is designated "NASA track.") Full-scale aircraft 
verification of the extremely low friction values encountered during reverted 
rubber hydroplaning did not occur until the aircraft flight test programs that 
are reported in references 9 to 11. These flight test programs were conducted 
in 1971-73. Figure 10 shows the reverted rubber skid patch developed on a 
B-737 tire during a landing run on the artificially wet runway at Roswell, 

New Mexico, after an approximately 1829-m (6000-ft) slide-out with all four 
main gear tires of the B-737 in a locked-wheel condition. Figure 11 shows the 
comparison between the Langley friction results of 1965 and the B-727 (1971) 
and the B-737 (1973) full-scale braking tests. The aircraft friction data 
shown in this figure completely validate the 1965 NASA track data and confirm 
the belief that the reverted rubber skid mode is the most catastrophic for air- 
craft operational safety because of the low braking friction and the additional 
fact that tire cornering capability drops to zero when wheels are locked. (See 
ref. 8.) 

The reverted rubber hydroplaning condition is limited to aircraft using 
high tire inflation pressures. This phenomenon has not been observed on ground 
vehicles employing low tire inflation pressures of 165 kPa (24 lb/in2) or less 
when vehicle wheels are locked. Reverted rubber hydroplaning develops only 
when prolonged wheel lockups occur which stem from pilot /antiskid braking system 
inputs. Thus, the avoidance of reverted rubber hydroplaning must rest with 
improving pilot braking procedures and with improving locked-wheel protection 
circuits of aircraft antiskid braking systems. (See ref. 8.) 


Combined Viscous and Dynamic Hydroplaning 

Most researchers now agree that the loss of tire friction on wet or flooded 
pavements with speed is due to the combined effects of viscous and dynamic 
hydrop_aning phenomena acting in the wire footprint as shown in figure 12. The 
tire hydroplaning model shown in this figure was first proposed by Cough in 
1959 in reference 12. (See also ref. 13.) The footprint and sketch in this 
figure show a pneumatic rolling at medium speed across a flooded pavement. For 
this partial hydroplaning condition, zone 1 describes the fraction of the tire 
footprint that is supported by bulk water, zone 2 describes the fraction of tire 
footprint that is supported by a thin water film, and zone 3 describes the 
fraction of the tire footprint that is in essentially dry contact with the peaks 
of the pavement surface texture. The length of zone 1 represents the time 
required for the rolling tire for this speed condition to expel bulk water from 
under the footprint; correspondingly, the length of zone 2 represents the time 
required for the tire to squeeze out the residual thin water film remaining 
under the footprint after the bulk water has been removed. Since fluids cam.ot 
develop shear forces of appreciable magnitude, it is only in zone 3 (er ^entiallv 
dry region) that traction forces for steering, decelerating, and accelerating 
a vehicle c a be developed between the tire and the pavement. The ratio of the 
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dry contact area (zone 3) to the total tire footprint area (zone 1 + zone 2 
+ zone 3) multiplied by the friction coefficient the tire develops on a dry 
pavement yields the friction coefficient the tire can develop for this flooded 
pavement and speed condition. 

As speed is increased, a point is reached where zone 3 disappears and the 
entire footprint is supported by either bulk water or a thin water film. This 
speed condition is called combined viscous and dynamic hydroplaning. As speed 
is further increased a point is reached where bulk water penetrates the entire 
tire footprint. This condition is called dynamic hydroplaning. If the runway 
is not flooded (no bulk water) such as on a runway covered with a heavy dew, it 
is possible for zone 2 to cover the entire tire footprint at speed if the pave- 
ment is very smooth. This condition is called viscous hydroplaning. 


Water Pressure Propagation Under the Tire Footprint 

NASA track research (ref. 2) shows that the fluid pressure developed in 
the bulk water (zone 1) region of the footprint follows a law and stems 

from fluid inertial or density properties as shown in figure 12. Correspondingly, 
this * .search shows that the fluid pressure developed in zone 2 (fig. 12) stems 
from iluid viscous properties; hence, the names dynamic and viscous hydroplaning 
are used to describe the hydroplaning phenomena. 


Pavement Macro/Microtexture Effects on Hydroplaning 

When flooding on a runway occurs, the pavement surface macrotexture plays 
the irpo^tant role of providing escape channels to drain bulk water from zone 1 
(fig. . .) . The drainage channels are provided by the tire tread draping over 
the high spots (asperities) of the pavement surface texture leaving valleys 
' tween the tire tread and the low points of the surface texture through which 
bulk water can easily drain out from under the tire footprint. Bulk water 
drainage through the pavement macrotexture thus delays to much higher speeds 
the buildup of fluid dynamic pressure with speed found for pavements with no or 
poor macrotexture. This effect is illustrated in figure 12 for smooth and 
grooved pavements. The macrotexture of a pavement can be assessed to some 
degree by methods such as the NASA grease test (ref. 14), the British sand patch 
test (ref. 15), and the Texas Transportation Institute silicone putty test 
('at. 16). 

Providing the pavement with a good microtexture is the major means of 
combating viscous hydroplaning or preventing the development of viscous fluid 
pressures in zone 2 of the tire footprint. (See fig. 12.) Pavement microtexture 
is difficult to detect by eye but can usually be determined from touching the 
surface. A good pavement microtexture has a sharp-harsh-gritty feel such as 
obtained when touching fine sandpaper. The touch test is qualitative and not 
infallible and should be con f irmed by ground vehicle friction tests under wet 
conditions. Pavement micvotexture performs its function by providing the pave- 
ment surface thousands of sharp pointed projections that, when contacted by the 
tire tread, generate local bearing pressures of several thousand Pa (lb/in2). 
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This intense pressure quickly breaks down the thin water film coating the pave- 
ment surface, and allows the tire to regain dry contact with the high points of 
the pavement surface texture. 


Tire Effects on Hydroplaning 

The footprint of the tire can be considered analogous to the wing on an 
aircraft; both are lifting surfaces, the wing to support the weight of the air- 
craft in flight through the atmosphere and the tire footprint to support the 
weight of the vehicle during hydroplaning on a wet or flooded pavement. Wings 
of high aspect ratio (wing length/chord length) reduce tip losses and produce 
the highest lift coefficient to support the aircraft in flight. Research shows 
the same trends for tire footprints. Smooth tread tires having high-aspect- 
ratio footprints (footprint width/footprint length) for similar conditions of 
flooded pavement, load, and inflation pressure will hydroplane at lower vehicle 
speeds than tires with low-aspect-ratio footprints. The aspect ratio of the 
tire footprint is governed by the shape of the tire cross section or the ratio 
of tire section height to section width (also called the tire aspect ratio). 

Holding grooves (channels) in the tire tread at time of construction is 
the tire designers equivalent of pavement macrotexture. The tread grooves in 
the tire footprint are vented to atmosphere and provide escape channels for the 
bulk water trapped in zone 1 (fig. 12). Tread grooves thus raise the critical 
water depth required for a tire to suffer dynamic hydroplaning, and for water 
depths less than the critical depth, raise the tire hydroplaning speed. It 
should be noted that the benefits from grooving the tire tread decrease in 
proportion to tread wear (depth of groove) and vanish when the groove depth 
decreases to 1.6 inn (1/16 in.) or less. The tire designers equivalent of 
pavement microtexture is to cut or mold kerfs or sipes into the tread ribs that 
lie between the tread grooves. The purpose of these features is to greatly 
increase the number of sharp edges of tread contact with the pavement that are 
provided by the tread grooves. Contact of the pavement surface at these sharp 
cornered tread sipe and groove edges creates local bearing pressures sufficiently 
high to quickly breakdown and displace the thin water film (zone 2, fig. 12) 
that creates viscous hydroplaning. 

The vertical load acting on a tire divided by the tire footprint area 
determines the average tire-pavement contact pressure. For smooth tread tires, 
this contact pressure is approximately equal or proportional to the tire infla- 
tion pressure. The difference in the pressure within and without (atmospheric 
pressure) the tire footprint creates forces which expel the water trapped in 
the tire-pavement contact zone at velocities which are proportional to the 
square root of the tire tread-pavement contact pressures. Thus, increasing the 
inflation pressure in a tire increases the rate of flow of water drainage out 
of the footprint and raises the tire hydroplaning speed. When grooves are cut 
or molded into a tire tread to form a tread pattern, the area of actual rubber 
contact with the pavement in the tire footprint is reduced. The result is that 
the contact pressures on the ribs of the tread pattern are increased which 
increases the rate of flow of water draining out of the footprint. This fact 
explains the effectiveness of tire tread patterns in improving wet traction or 
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delaying hydroplaning effects on vet or flooded pavements to higher speeds. It 
should be noted that while tire tread designs can reduce vet runway traction 
losses, the improvements obtained are relatively small in comparison to what 
can be obtained by providing the pavement with a good micro/macrotexture 
(ref. 7), and these improvements disappear when the tread becomes worn. 


Tire Operating Mode Effects on Hydroplaning 

The tire operating mode is controlled by the vehicle operator (pilot or 
driver). Depending upon the maneuver required, the vehicle tires may be under- 
going free rolling, braked rolling, yawed rolling, powered rolling, a combina- 
tion of braked and yawed rolling, or a combination of powered and yawed rolling. 
Maximum lateral or steering forces for the tire occur when the tire is neither 
braked nor powered (driven by the engine) . Correspondingly, maximum traction 
for accelerating or decelerating the vehicle develops when the vehicle is moving 
straight ahead (unyawed) and the tires are not developing lateral forces to with- 
stand a cross wind or to conduct a turning maneuver. If the driver applies power 
to the vehicle driving wheels in excess of the tire-pavement friction capa- 
bility, the tire loses its grip on the pavement, and the wheel will start to 
spin up with respect to the pavement. The resulting relative motion between the 
tire and the pavement under wet conditions increases viscous-dynamic hydroplaning 
effects and traction for accelerating and steering the vehicle is greatly 
reduced. On the other hand, if the pilot or driver braking demand (brake appli- 
cation) exceeds the tire-pavenent friction capability, the tire loses its grip 
with the pavement and rapidly spins down to a locked-wheel condition. This is 
the most hazardous tire operating mode for vehicle operational safety (refs. 7, 

8, and 17) because the tire cornering capability drops to zero even on dry 
pavements and vehicle directional stability is greatly reduced. Research shows 
that on wet and flooded pavements, both viscous and dynamic fluid pressures 
increase in magnitude under the sliding tire footprint over those obtained for 
a rolling tire for the same speed condition. The result is that locked-wheel 
sliding or nonrotating tires have a lower hydroplaning speed than rolling tires 
(compare eqs. (2) and (3)). Under partial hydroplaning conditions on wet 
runways, the braking traction can be reduced by as much as one-third to 
two-thirds the maximum obtained during the braked rolling mode from this enhanced 
hydroplaning effect as shown in figure 11. (Compare Umax with Uskid f° r 
normal rubber.) 


Prediction of Tire Braking and Cornering Characteristics on Wet Runways 

The description of the hydroplaning process given in the preceding para- 
graphs was taken from the preamble of an empirically derived combined viscous- 
dynamic hydroplaning theory which is being developed by Horne (LaRC) and Merritt 
(FAA, Flight Standards). This theory is presently being refined and tested by 
using NASA track tire data and data obtained from aircraft-ground vehicle runway 
test programs. The theory was first exposed to public view at the FAA/Industry 
Meeting on Runway Traction and Rational Landing Rule (Washington, D.C. ), 

February 11-13, 1975. The theory is being used to develop tire-runway friction 
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models for flight simulator research conducted under NASA Contract (ref. 18), 
and is being used by NASA to assist NTSB in the investigation of aircraft 
skidding accidents on wet runways. 

One of the first major accomplishments of the theory is the development 
of a simple method for transforming experimental friction measurements made by 
a vehicle using one tire operating mode on a wet pavement to prediction of 
braking and cornering friction coefficients for other tire sizes and different 
tire operating modes for this same wet pavement condition. The method is 
described herein with the aid of figures 13 and 14 for the case of a diagonal- 
braked vehicle (DBV) friction measurement of the wet runway at Roswell, New 
Mexico, and the corresponding prediction of a B-737 main gear tire friction 
performance for the same runway wetness condition. 

The DBV method for evaluating the slipperiness of wet runways is to lock 
a diagonal pair of wheels on a four-wheel ground vehicle at a speed of 52.2 knots 
and decelerate '.he vehicle to a stop under both wet and dry runway conditions. 
(See ref. 19.) The wet-dry stopping distance ratio (SDR) obtained is an index 
to the slipperiness of the runway surface; the higher the SDR, the slipperier 
the runway is under wet conditions. The upper left plot shown in figure 13 
describes the variation of DBV ground speed with time during a typical DBV test 
run at Roswell during the B-737 flight test program described in references 10 
and 11. This speed time history was differentiated with respect to time to 
obtain the curve for DBV Pskid against speed shown in the upper right plot 
of figure 13. The values of DBV U s kid were obtained from the equation 


DBV u skid 


2 





unbrake«y 


(4) 


The viscous-dynamic hydroplaning theory states that any experimentally 
obtained variation of tire friction coefficient with speed on a wet pavement 
can be converted to an equivalent nondimensional hydroplaning-pararaeter (Y)— 
speed-ratio form (lower left plot of fig. 13) by means of the relationships 


Y = 


**wet 

Ddry 


Speed ratio = 


V 

_G 


(5) 

( 6 ) 


where 

^dry 

l*wet 


characteristic dry friction coefficient for tire 

experimental or predicted friction coefficient for wet 
pavement conditions 
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Yq ground speed 

Vp characteristic tire hydroplaning speed (obtained from eqs. (2)) 

Y tire-pavement drainage characteristic or hydroplaning 

parameter for pavement 

Y l Y for locked-wheel sliding (nonrotating tire) 

Y r Y for braked or yawed rolling (rotating tire) 

The theory defines u d ry as r>ie maximum friction coefficient obtainable on a 
dry pavement under braked rolling, yawed rolling, or locked-wheel sliding 
conditions at low speed (Vp < 2 knots). For aircraft tires, Udry ma Y be 
calculated from the following equation (derived from ref. 20): 

For SI Units: 

-4 

M d ry = 0.93 - 1.6 x 10 p (7a) 

For U.S. Customary Units: 

li dry = 0.93 - 1.1 x io -3 p (7b) 

where 

2 

p tire inflation pressure, kPa (lb/in ) 

The value of U dr y for ground -vehicle tires must be determined e perimentally . 
Typical values of u d ry found for ground-vehicle friction measuring devices 
are listed in table 1. If Udry ~ 1*15 and Vp = 44.1 knots (from eqs. (2)) 
in equations (5) and (6), respectively, the curve for DBV u s Rid against V G 
of figure 13 is converted to the curve for Yl against V G shown in the lower 
left plot of figure 13. The curve of Y R (rolling tire) shown in this latter 
plot was obtained with the aid of figure 14 which is empirically derived from 
NASA track aircraft tire data in the viscous-dynamic hydroplaning theory. 

The theory suggests that all experimental pneumatic tire friction coeffi- 
cients (aircraft or ground vehicle), when converted to nondimensional form, 
will condense along either the Y^ curve (locked-wheel braking tests) or the 
Y r curve (peak-braking or yawed-rolling tests) if the correct values for U dr y 
and Vp for the tire conditions are used, and the pavement micro/macrotexture 
and wetness conditions remain constant for the pavement during the tests. 

Prediction of friction coefficients for any other tire size and inflation 
pressure simply requires multiplying either Yl or Yr in figure 13 by the 
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appropriate y^ry value for the desired tire condition and the speed ratio 
V G /V P by the appropriate value of Vp for the desired tire condition for each 
data point (Y,V G /Vp). For the B-737 tire friction coefficient prediction 
shown in figure 13, y^ry ° 0.75 and Vp - 115.6 knots were used. These values 
were predicted by the B-/37 test tire inflation pressure of p * 1137 kPa 
(165 lb/in 2 ). Figure 13 shows that the prediction of the theory using DBV test 
data is within reasonable agreement of the NASA track friction data over the 
speed range studied for the B-737 tire. 


IDENTIFICATION OF SLIPPERY RUNWAYS 

A main goal of runway slipperiness research has been to find ways to 
identify slippery runways so that such runways can be remedied and made safe 
for aircraft adverse weather operation. It has always been realized that it 
would be very expensive and impractical to utilize specially instrumented air- 
craft for this purpose; therefore, much research attention has been devoted to 
developing suitable ground-vehicle friction measuring techniques and equipment 
for this purpose. Since 1968, extensive aircraft/ground-vehicle runway research 
programs have been carried out in this country and abroad to find a solution to 
this problem (refs. 9 to 11, 19, and 21 to 26), and to answer the fundamental 
questions: 

(1) Do friction measuring devices correlate between themselves? 

(2) Do friction measuring devices correlate with aircraft tire 
performance on wet runways? 

(3) Do friction measuring devices correlate with aircraft stopping 
performance on wet runways? 

The scope of this aircraft/ground-vehicle correlation problem is indicated 
by the data trends shown in figures 15 and 16. It can be seen that the data 
obtained by the various friction measuring devices and two aircraft, all of 
which utilize different tire operational modes in testing, literally fill the 
figures, and poor correlation between ground vehicle to ground vehicle, ground 
vehicle to aircraft, and aircraft to aircraft is indicated. The data in fig- 
ures 15 and 16 were obtained from references 21, 22, and 27. 


Ground-Vehicle/Ground-Vehicle Correlation 

Ground-vehicle/ground-vehicle correlation is complicated by the feet that 
the tire sizes, operating modes, and inflation pressures, as well as test speed 
or test speed ranges, used by the ground-vehicle devices in measuring runway 
slipperiness are usually significantly different. Historically, most correla- 
tion attempts between devices have compared the measurement output of one 
device against that of another as shown in figures 17 and 18. These figures 
compare 1/SDR for the DBV against the Mu-Meter friction reading. Both measure- 
ments of runway slipperiness were obtained under identical runway wetness 
conditions on many different runway surfaces tested by USAF (fig. 17 (data 



from ref. 28)) and FAA (fig. 18 (data from ref. 29)). The data shown in both 
figures exhibit similar trends and indicate very poor correlation between a 
device (DBV) which measures vehicle stopping distance over a speed range of 
52.2 to 0 knots with diagonal wheels locked and a yawed-rolling trailer which 
measures tire cornering force at constant yaw angle (^ = 7.5°) and constant 
speed (V G « 34.8 knots) for the wet runway surfaces investigated. A similar 
trend is noted for the Roswell smooth concrete runway surface shown in fig- 
ure 19. In this instance only one runway surface was tested, but the runway 
wetness condition (water depth) varied. These data for the DBV and Mu-Meter 
were obtained from reference 11. Figures 20 and 21 show the correlation 
obtained between the DBV and the skiddometer and the DBV and the Miles trailer 
at Roswell (ref. 11), respectively. The data in these figures show that the 
skiddometer (fig. 20) (like the Mu-Meter) exhibits poor correlation with DBV 
SDR measurements, whereas the Miles trailer compares better (fig. 21). The 
skiddometer runway slipperiness rating was achieved by testing the pavement at 
a constant speed of 34.8 knots (like the Mu-Meter), whereas the Miles trailer 
tested the pavement over a speed range of 85 to 0 knots (similar to the DBV). 

Much better correlation between ground vehicles is obtained when each 
vehicle is tested over a speed range and the viscous-hydroplaning theory method 
(described earlier) is used to compare the friction data obtained by the 
vehicles. This type of correlation is shown in figures 22 to 25. The data for 
these figures were obtained from the joint NASA-British Ministry of Technology 
Skid Correlation Study reported in references 21, 22, and 30. The data trends 
shown in figures 22 to 25 suggest that good correlation is achieved between 
ground vehicles when the friction measurement of a vehicle is compared over a 
speed range with its equivalent measurement from another ground-vehicle device. 
This result suggests that ground-vehicle runway slipperiness measurements can 
correlate if tested over a speed range and proper accounting is made for the 
difference in the tire operating modes between the vehicles. It should be 
noted that the worst correlation between devices occurs in figure 25 where the 
Mu-Meter is compared with several other friction measuring devices. The 
Mu-Meter is the only friction device that does not measure a friction boundary 
condition - that is, the skiddometer measures peak braking (constant 0.13 
braking slip); the General Motors (GM) trailer, either or Uskid from 

a pulse braking technique; the Miles trailer, Uskid from a pulse braking 
technique; and the DBV, Ugkid from a continuous locked-wheel braking technique. 
The Mu-Meter, on the other hand, measures cornering force developed on a tire 
at 7.5° yaw angle. At high pavement friction values, it cannot measure the peak 
friction boundary condition, whereas for low friction conditions, it may measure 
cornering force after the peak cornering-force value has been obtained, as 
shown in figure 26. The data in figure 26 were obtained from reference 31 
(p. 654). These data suggest that if the yaw angle for maximum cornering force 
(limiting coefficient of friction) is exceeded, the cornering force (and 
cornering friction coefficient) is reduced as yaw angle is further increased. 

For the case ol the Mu-Meter which measures cornering force at 7.5° yaw angle, 
this type of tire behavior may result in an overestimation of the slipperiness 
of the wet pavement defined by peak boundary friction conditions. 



Aircraft /Ground-Vehicle Correlation 
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As with ground-vehicle/ground-vehicle correlation attempts, most aircraft/ 
ground-vehicle correlation attempts try to relate the measured output of a 
friction device with some measured output of the aircraft from data obtained 
during joint testing of the device and aircraft on artificially wet runway 
surfaces. Typical aircraft/ground-vehicle relationships obtained from such 
test programs are shown in figures 27 (Mu-Meter, ref. 24) and 28 (DBV, refs. 11 
and 25). Each friction device advocate claims good correlation between the 
device and the aircraft. For example, reference 26 states that the Mu-Meter 
may predict aircraft stopping performance within 10 to 15 percent if a correla- 
tion ranking system classifying runway surfaces into different texture groups 
is used. On the other hand, reference 11 states that the DBV can predict air- 
craft stopping performance within ±15 percent by using its prediction method. 
The tire friction prediction method (described earlier in the paper) otfers 
another approach to show correlation between ground-vehicle and aircraft 
measurements of runway slipperiness. 

Equation (5) may be modified to the form 


P e ff - 0 Yr Udry 


( 8 ) 


effective braking friction coefficient realized by the aircraft 
through its antiskid braking system 

runway tire-pavement drainage characteristic (hydroplaning 
parameter) determined by ground-vehicle friction test 
over ground speed range 

characteristic maximum aircraft tire friction coefficient 
on dry pavement 

antiskid braking system efficienc y. ^eff /l Tnax 

This method, using the DBV friction measuring device, is illustrated in fig- 
ures 29 to 31. The correlation shown in the figures resulted from use of the 
arbitrarily selected antiskid braking system efficiency model depicted in 
figure 29 which is patterned after the one described in reference 32. 

The data trends shown in figures 29 to 31 suggest that a ground-vehicle 
friction measuring device can be used to predict the effective friction coeffi- 
cient an aircraft will develop on a wet runway providing the antiskid braking 
system efficiency of the aircraft is known. The data trends also suggest that 
each aircraft type has its own characteristic antiskid braking system efficiency 
which is dependent upon the landing gear, braking, and antiskid system design. 


where 

Meff 


^dry 

n 
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Summary of Correlation Results 


The runway slipperiness research conducted sim <8 in the area of 
ground-vehicle/ground-vehicle and aircraft/ground-ve; correlations has been 
reviewed and yields the following observations: 

Ground -vehicle devices that test at constant speed do not correlate well 
with those devices that test over a speed range. 

Ground -vehicle devices that test at constant speed can be correlated 
together as well as those that test over a speed range regardless of the tire 
operating mode during testing. 

The DBV can be used to predict aircraft tire braking and cornering charac- 
teristics on wet runways. Other ground -vehicle devices have the potential to 
predict these tire characteristics as well if their test procedure is changed 
from a constant speed test to a speed range test similar to the DBV. Ground- 
vehicle devices that test at constant speed cannot predict aircraft tire braking 
and cornering friction coefficient on wet runways over the f’lll take-off and 
landing speed range of aircraft. 

Ground-vehicle and aircraft slipperiness measurements can be correlated. 
However, the precision of correlation is obtained from artificially wet runwav 
test programs. The accuracy of prediction from the correlation way te degraded 
when runways are wet from natural rain (different water depths). Further, some 
of the older aircraft braking systems can allow locked-wheel operation during 
maximum braking operation on wet runways. The locked-wheel condition can result 
in reverted rubber hydroplaning which destroys the aircraf t/ground-vehicle 
correlation. For these reasons, predictions of aircraft braking performance on 
wet runways from ground -vehicle devices should be employed only to provide 
guidance information to pilots. 


Status of Runway Slipperiness Measurements 

Standard USAF runway skid resistant tests .- Since November 1973, the Air 
Force Civil Engineering Center (AFCEC) has been measuring the skid resistance 
properties of airfields. Procedures for conducting the standard skid resistance 
tests are given in reference 33. This test requires that fiction measurements 
be obtained by both the DBV and Mu-Meter when testing an airfield pavement. 

AFCEC feels that the friction data obtained from these friction measuring devices 
are complementary, and together they provide an adequate data base to evaluate 
the skid resictance of an airfield pavement. AFCEC intends to survey the skid 
resistance of all USAF runways in the United States and overseas on a periodic 
basis. AFCEC feels strongly that the concept of using an experienced, well- 
trained crew and standardized testing procedures for pavement skid resistance 
evaluations offers many advantages. This concept requires the Air Force to 
purchase and maintain a minimum quantity of equipment and ensures that the 
testing is properly accomplished and documented. Results from this Air Force 
program are reported in references 28 and 34. 



FAA Advisory Circular No. 150/5320-12 .- FAA Airports Service issued FAA 
Advisory Circular No. 150/5320-12 on June 30, 1975 (ref. 35). This advisory 
circular provides guidance on methods that can be used to provide and maintain 
airport pavement surface friction characteristics. This guidance is intended 
for use by airport operators, engineering consultants, and maintenance personnel. 
This advisory circular does not purport to provide a means to predict aircraft 
stopping distance. For the requirements specified m thi. circular, FAA Air- 
ports Service requires a friction measuring device which 

(1) Can provide fast, accurate, and reliable friction values of airport 
pavement surfaces undnr varying climatic conditions 

(2) Can provide a continuous graph record of the pavement surface 
characteristics 

(3) Has minimal maintenance and recurring costs 

(A) Has a simple calibration technique 

(5) Indicates potential for hydroplaning conditions 

This circular is worded carefully such that current friction measuring 
devices, the DBV for example, are not excluded from use in implementing the 
circular, although it is clear that the British Mu-Meter is the device favored 
by FAA Airports Service since it is the only device described in the circular. 
The advisory circular clearly indicates that its needs are met by a device 
which measures the relative friction of pavement surfaces and that this measure- 
ment of friction does not provide a means to predict aircraft stopping distant" 
(determine how slippery the runway surfaces are for aircraft operation). 

It is felt that issuance of this advisory circular by the FAA is a note- 
worthy step forward in providing guidance to install antihydroplaning runway 
surfaces at airports. However, the providing of relative friction measurements 
for engineering and maintenance purposes is secondary to the main objective of 
a friction evaluation which is to determine how slippery the runway surface is 
for aircraft operation. 


PROGRESS AND PROBLEMS OF ANTIHYDROPLANING 
RUNWAY SURFACE TREATMENTS 

Both runway grooving and porous friction course (PFC) antihydroplaning 
runway surfaces were originated in England, as described in reference 36. 
Research on runway grooving in the United States started with NASA experiments 
in 1962 (reported in ref. 2). PFC pavement research in the United States was 
initiated by USAF (1972) and is reported in references 37 and 38. 
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Runway Grooving 


Since 1956, approximately 160 runways have been grooved world-wide as 
indicated in tables 2 to 12. Figure 32 shows the development of grooved runways 
at U.S. civil airports since the first air carrier airport was grooved in 1967. 
For he past 3 years an average of 24 air carrier airport runways have been 
groove* 1 each year. At this present rate, the 224 ILS runways 1524 m (5000 ft) 
or longer in length U.S. air carrier airports will all be grooved by 1986. 

At the Dresent time, six different methods are available for grooving runways, 
namely, diamond saws, abrasive (carborundum) saws, flails, plastic grooving 
with segmented drum, plastic grooving with wire comb, and plastic grooving with 
wire broom. The latter three methods can only be used for grooving portland 
cement concrete when it has been freshly laid and has not hardened or set up. 

The most popular grooving method is the diamond saw. Approximately 80 percent 
of the air carrier airport runways that have been grooved since 1967 have used 
this grooving method. The effectiveness of runway grooving as an antihydro- 
planing surface treatment is revealed by reviewing the DBV SDR data shown in 
tables 13 to 17. Tables 13 to 16 were obtained from reference 39. Table 17 
shows data obtained from a recently completed FAA DBV trial application-runway 
friction calibration and pilot information program (ref. 40). Review of these 
data suggests that the greatest traction benefit is realized from closed-spaced 
grooves that are cut 1/4 inch deep in the pavement with diamond saws. This 
result follows the trend reported in reference 27 where a 25 x 6 x 6 mm 
(1 * 1/4 x 1/4 i n .) pattern was found to be superior to all other patterns 
studied with regard to preserving traction on wet or flooded runways. Plastic 
grooving treatments are considered to be an improvement over conventional 
ungrooved concrete surfaces but are inferior to diamond sawed grooves in both 
traction performance and wa' 't drainage (discussed in section "Flooding on 
Grooved Runways") . The uniformity of plastic grooving is poor compared with 
diamond sawed grooves as shown by comparing figures 5 and 6 with figure 33. 

The data presented in figure 34 compare the traction performance of plastic 
grooving using a wire comb technique (ref. 41) with other antihydroplaning 
pavement surface treatments. These data confirm the traction trends just 
discussed. 

The major problem encountered with grooved runways is the chevron cutting 
of aircraft tires during the touchdown phase of aircraft landings on grooved 
runways. (See fig. 35.) This problem is discussed in detail in reference 39 
and has been studied in reference 42. The civil airlines in the United States 
at the present time do not *'~nsider chevron cutting to be a serious operational 
problem to their jet transp r fleet. It should be noted that the aircraft tire 
industry has been working in close cooperation with aircraft operators on the 
chevron cutting problem. During the past 5 years, the aircraft tire industry 
has developed new tread rubber compounds and tread designs that significantly 
reduce the degree of chevron cutting on aircraft tires experienced on grooved 
runways. In this regard, American Airlines reports that over the past 4 years, 
the number of landings per tire change on its jet transport fleet has increased 
by 50 percent. During this time period, the number of grooved runways at air 
carrier airports has increased from 37 to 107. The slipperiness of grooved 
runways is increased when heavy rubber deposits coat touchdown areas, but this 
problem is easily corrected by rubber removal treatments (discussed later). 
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Some asphaltic concrete runways have suffered collapsed grooves in trafficked 
areas. This type of problem is usually created by grooving the asphaltic 
concrete shortly after the runway has been paved and before the asphaltic 
concrete has cured properly. 


Porous Friction Course 

The first PFC surface treatment in the United States was at the Dal las 
Naval Air Station in 1971 as indicated in table 18. The growth of the PFC 
surface treatment at U.S. civil airports (through 1975) is shown in figure 36. 
Over the past 3 years (1973 to 1975), an average of seven air carrier airport 
runways per year have been given this antihydroplaning pavement surface treat- 
ment. Figure 34 shows that this surface is definitely superior in traction 
qualities over conventional ungrooved concrete and ranks with pavement grooving 
in this regard as reported in reference 19. PFC has a high storage volume to 
prevent runway flooding when rain first commences but does not have the free 
flowing drainage features common to grooved runways. Consequently (as discussed 
earlier in the paper), PFC surface treatments are not believed to be as effec- 
tive as grooved pavements, especially those cut with diamond saws, in preventing 
runway flooding during sustained, high rainfall rate precipitation conditions. 

A major problem that has been reported for PFC pavements is the difficulty 
of removing rubber from contaminated touchdown areas of the runway. AOCI 
(Airport Operators Council International) reports that the PFC surface at 
Johannesburg had to be replaced because rubber deposits could not be removed 
from the surface. A similar •'roblem has been encountered at Denver Stapleton 
Airport where the rubber deposits could be removed only through the use of a 
flailing machine and high-pressure water -blast equipment . It should be stressed 
that the PFC surface treatments at U.S. airports have not been installed long 
enough at the present time to report realistically on the durability and main- 
tainability of this type pavement surface. 


Runway Rubber Deposits and Their Removal 

NASA, USAF, and FAA studies (tables 13 to 17) show that the most slippery 
runway segments are usually those located in aircraft touchdown areas which 
become covered with heavy rubber deposits. The reduced macro/micrctexture of 
the pavement surface (fig. 37) resulting from rubber deposits makes the runway 
much more susceptible to dynamic and viscous hydroplaning during times of rain. 
The dramatic runway traction loss suffered as a consequence is illustrated by 
figure 38. Reference 11 points out that wheel spin-up at touchdown on the 
Roswell smooth concrete runway (SDR = 2.17 to 2.75 tor DRV, B-737, and L.-101P 
required as much as 2 seconds. From a comparison of figures 13 and 38, the 
predicted aircraft tire friction coefficient ~ s kui available to spin the tire 
up on the rubber coated ungrooved runway at MIA runway 9R/27L (SDR - 4.62) is 
found to be much less than at Roswell. Consequently, wheel spin-up tLm.es may 
take from 6 to 8 seconds on this wet, contaminated surface. As a consequence, 
pilots may apply wheel braking before the wheels are spun u; with the result that 
the antiskid braking system fails to perform properly and peer braking, poor 
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directional control along with reverted rubber skidding may occur for the air- 
craft. (See refs. 8 and 11.) Obviously, runway rubber deposits pose a distinct 
threat to the operational safety of aircraft during landings and take-offs in 
adverse weather. This paper has pointed out that ground vehicles which test 
pavements utilizing a constant speed technique cannot predict che runway 
slipperiness resulting to aircraft from this effect. Therefore, the DBV, which 
has a demonstrated capability to perform this measurement, should be the only 
device permitted to assess this runway condition. Only when test procedures 
have been changed and the devices correlated or calibrated satisfactorily with 
the DBV, should other devices be allowed to measure the effects of rubber 
deposits on runway slip; eriness for aircraft operation. 

Review of the data contained in tables 13 to 17 and figures 3/ and 38 
indicates that grooved runways are much less affected by rubber deposits than 
ungrooved runways and may require less frequent cleaning. Several methods for 
cleaning runways of rubber deposits are available and discussed in reference AO. 
One of the most effective means is by high-pressure water blast as shown in 
figures 39 and AO. 


CONCLUDING REMARKS 

This paper has reviewed the runway slipperiness research performed in the 
United States and abroad over the time period 1968 to the present. This review 
suggests that this research has been extremely fruitful with the following 
tangible benefits resulting to the aviation conmmnity: 

(1) A better understanding of the hydroplaning phenomena 

(2) A method for predicting aircraft tire performance on wet runways from 
a ground-vehicle braking test 

(3) The runway rubber deposit problem has been defined as one of the most 
serious threats to aircraft operational safety during landings and 
take-offs in adverse weather; at the same time, methods have been 
developed which can remove runway rubber deposits so that runway 
traction is effectively restored to uncontaminated levels 

(4) Pavement grooving has fulfilled its promise as a runway surface 
treatment that minimizes runway flooding during heavy rainstorms 
and produces nearly dry aircraft braking and cornering performance 
under wet runway conditions 

(5) Porous friction course surface treatments are nearly as effective 
as pavement grooving, but further research and time are required to 
assess the effects of rubber deposits (and removal), durability, and 
maintainability of this surface treatment 

Finally, it is hoped that this report on the status of runway slipperiness 
research will stimulate the aviation community and the Federal Regulatory 
Agencies into a rapid implementation program to utilize the technological advances 
this research has produced and to improve airport runway safety. 
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KEY TO ABBREVIATIONS USED IN TABLES 


Abbreviation 

Meaning 

AB 

Air Base 

AC 

Asphaltic concrete 

AFB 

Air Force Base 

AFC EC 

Air Force Civil Engineering Center 

ASTM 

American Society for Testing and Materials 

AID 

Average texture depth 

C 

Civil 

CS 

Carborundum saw 

D 

Depth 

DBV 

Diagonal-braked vehicle 

DS 

Diamond saw 

F 

FlaU 

FAA 

Federal Aviation Administration 

G 

Grooved 

Int. 

International 

L 

I 3ngitudlnal 

Lt 

Light 

M 

Military 

Med 

Medium 

Metro. 

Metropolitan 

Hun. 

Municipal 

N/A 

Not available 

NAS 

Naval Air Station 

Nat. 

National 

P 

Pitch 

pcc 

Portland cement concrete 

n /7SD 

Plastic grooving with segmented drum 


Plastic grooving with wire broom 


Plastic grooving with wire comb 

RAF — 

Royal Air Force 

SDR 

Stopping distance ratio 

T 

Transverse 

W 

Width 


TABLE 1.- TIRE CHARACTERISTICS OF FRICTION MEASURING DEVICES 


Device 

y dry 

P 

kPa 

lb/ in 2 

DBV (ASTM E-249 smooth tread tire) 

1.15 

165 

24 

DBV (ASTM E-S24 smooth tread tire) ... 

1.20 

165 

24 

Mu-Meter 

0.84 

69 

10 

Miles trailer 

1.15 

138 

20 

Skiddometer model BV-6 (ASTM E-249 smooth tread tire). . . 

1.15 

165 

24 
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TABU 2.- CROOVED RUNWAYS CONSTRUCTED DURING 1956-1966 


Airport 

Country 

Runway 

Surface 

Grooving 

technique 

Groove pattern, 
P * W x D 

tm 

in. 

A (1956) - M 

UK 

N/A 

AC 

T-F 

25 x 3 x J 

1 * 1/8 x 1/8 

B (1957) - N 

UK 

N/A 

AC 

T-F 

25 * 3 x 3 

1 * 1/8 x 1/8 

C (1960) - H 

UK 

N/A 

AC 

T-F 

25 x 3 x 3 

1 x 1/8 x 1/8 

D (1960) - N 

UK 

N/A 

AC 

T-F 

25 x 3 x 3 

1 x 1/8 x 1/8 

£ (1960) - M 

UK 

K/A 

PCC 

T-F 

25 x 3 x 3 

1 x 1/8 x 1/8 

F (1961) - N 

UK 

N/A 

AC 

T-CS 

25 x 3 x 3 

1 x 1/8 x 1/8 

Manchester (1961) - C 

UK 

N/A 

AC 

T-F 

25 x 3 x 3 

1 x 1/8 x 1/8 

NASA URC (1964) - C 

USA 

Research crack 

/ AC 

T-DS 

25 x 3 * 3 

1 x 1/8 x 1/8 




\ PCC 

L-DS 

25 x 6 * 6 

1 x 1/4 x 1/4 

Manchester (1965) - C 

UK 

N/A 

AC 

T-F 

25 x 3 » 3 

1 x 1/8 x 1/8 

Ubon (1966) - M 

USA 

N/A 

PCC 

T-DS 

51 * 6 « fc 

2 « 1/4 x 1/4 






(Skip 610) 

(Skip 24) 

Udorn (1966) - M 

USA 

N/A 

PCC 

T-DS 

51 x 6 « 6 

2 ‘ 1/4 x 1/4 






(Skip 610) 

(Skip 24) 







125 » ■» -9 * 3 

1 x 1/8-3/8 x 1/8 






T-F 

J 38 x 3-9 * 3 

1 1/2 * 1/8-3/8 x 1/8 

NASA URC (1966) - C 

USA 

Research track 

PCC 



' 51 x 3-9 x 3 

2 ' 1/8-3/8 x l/g 







f .'5 « 3-9 x 6 

1 x 1/8-3/8 « i/4 






T-DS 

(38 x 3-9 x 6 

1 1/2 x 1/8-3/8 x 1/4 







<51 » 3-9 « 6 

2 x 1/3- 3/8 « 1/4 


TABLE 1.- CROOVED RUNWAYS CONSTRUCTED DURING 1967 


Airport 

Country 

Runway 

Sur: 

Grooving 

technique 

Croove pattern, 
P * V * D 

am 

in. 

Bien Hoa - M 

USA 

N/A 

PCC 

T-DS 

51 - 6 x 6 

2 x 1/4 x 1/4 






(Skip 610) 

(Skip 24) 

Birninghan - C 

UK 

N/A 

AC 

T-F 

25 * 3 x 3 

1 » 1/8 x 1/8 

Beale AFB - M 

USA 

14/32 

?cc 

T-DS 

25 * 6 * 6 

1 x 1/4 x 1/4 

John F. Kennedy - C 

USA 

4R/22L 

pcc 

T-DS 

38 » 10-5 x 3 

1 1/2 * 3/8-3/16 x 1/8 

Kansas City Mun. - C 

USA 

18/36 

PCC /AC 

T-DS 

25 x 3 x 6 

1 x 1/8 x 1/4 

NASA Wallops - C 

USA 

4/22 

PCC/AC 

T-DS 

25 » 6 x 6 

1 * 1/4 « 1/4 

Washington Nat. - C 

USA 

18/36 

AC 

T-DS 

25 x 3 x 3 

1 » 1/8 « 1/8 


i 


> 

H 

r 
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TABLE A.- GROOVED RUNWAYS CONSTRUCTED DURING 1968 


Airport 

Country 

Runway 

Surface 

Grooving 

technique 

Groove pattern, 
P * W * D 






in. 

Atlanta Mun. - C 

USA 

9R/27L 

PCC 

"T-DS 

32 * 10-3 » 6 

1 1/4 x 3/8-1/8 x 1/4 

Chicago-Midway - C 

USA 

13R/31L 

PCC 

T-DS 

32 « 6 x 6 

1 1/4 x 1/4 x 1/4 

Chtrago-Midvay - C 

USA 

4R/22L 

PCC 

T-DS 

32 « 6 x 6 

1 1/4 x 1/4 x 1/4 

Seyaour- Johnson 
AFB - M 

USA 

P/26 

PCC /AL 

T-DS 

51 x 6 « 6 

2 x 1/4 « 1/4 

Teapelhof (Ger.) - M 

USA 

9R/27L 

AC 

T-DS 

(Skip 610) 
38 « 10 > 10 

(Skip 24) 

1 1/2 » 3/8 x 3/8 
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TABLE' Si- GROOVED RUNWAYS CONSTRUCTED DURING 1969 


Ait(«K . £ 

Country 

t «»*w*a» 

Surface 

Grooving 

Groove pattern, 
P x K ’ D 

. ;• 




am 

in. 

Boston Logan - C 

USA 

N/A 

AC 

T-DS 

25 * 6 * 6 

1 1/4 * 1/4 

Charleston (W.Va.) - C 

USA ^ 

5/23 

FCC/AC 

T-DS 

32 « i a i 

1 1/4 x 1/4 x 1/4 

Chicago O'Hara - C 

USA 

9L/27R 

PCC/AC 

T-BS 

32 x 6 » 6 

1 1/4 x 1/4 x 1/4 

Dallas Love Field - C 

USA * ■ “ 

, 13R/31L 

PCC 

T-DS 

32 * 6 * 6 

1 1/4 x 1/4 * 1/4 

Offutt AFt - M 

USA 

12/30 

PCC 

T-DS 

32 * 6 * 6 

1 1/4 « 1/4 x 1/4 

Wellington - C- 

■ 

New 

Zealand 

N/A 

AC 

T-DS 

25 * 3 * 3 

1 x 1/8 > 1/8 


TABLE 6.- GROOVED RUNWAYS CONSTRUCTED DURING 1970 


Airport 

Country 

Runway 

Surface 

Grooving 

technique 

Groove pattern, 
P v V ' D 

ran 

ir.. 

BankoL 

Thailand 

N/A 


t-ds 

51 x 6 • 6 

2 • 1/4 • l/i 

Delias Love Field - C 

USA 

13L/31R 


T-DS 

38 ' 10 » 6 

1 1/2 x 3/8 x 1/4 

Harry S. Truman - C 

USA 

9/27 

■ 

T-DS/CS 

38 * 10 x 6 

1 1/2 x 1/4 x 1/4 

Kadena - M 

USA 

N/A 

PCC/AC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 

Nashville Met. - C 

USA 

2L/20R 

AC 

T-DS/CS 

51 > 6 * 6 

2 ' 1/4 ' 1/4 

Nashville Met. - C 

USA 

13/31 


T-Da/CS 

32 x 6 x 6 

1 1/4 x 1/4 » 1/4 

. Orly - C 

France 

N/A 

■ 

T-DS 

N/A 

S/A 

Port Hardy - C 

Caitada 

N/A 


T-DS 

25 > 6 ' 6 

1 X 1/4 x 1/4 

Shemya - M 

USA 

10/28 


T-DS 

32 ' 6 - 6 

1 1/4 ' 1/4 x 1/4 


lAtiLi; 7.- CKOOVUD KlNuWYS CONSTKt CTCD DIKING 1971 


stir port 

Country 

Runway 

Surlacv 

Grooving 

technique 

Groove 
i* ' 

pattern, 
VC * »» 

HR 

in. 

Dost on iat’feUu - C 

l SA 

4K/22L 

Ac 

4 r -i)S 

57 > 0 ' 6 

2 1/4 ' 1/4 ■ 1/4 

Chicago J*lUire - C 

ISA 

4G/22L 

1>CC 

t-ds 

32 ' b ' b 

1 1/4 x [/., x 1/4 

iiCe’tston ini. - C ' 

ISA 

8L/26K 

PCC 

T-DS 

51 • b - b 

2 ' 1/4 ' 1/4 

rCuic.ik - C 

hunt konj; 

13/31 

PCC/ AC 

i-DS 

■14 ' b ' (i 

1 3/4 - i/„ , 1/4 

Kunsuu - y. 

ISA 

17/ 35 

rcc 

T-DS 

ii ' 6 - b 

1 1/4 ' 1 /- x 1/4 

LaGuarcia - L 

ISA 

4/22 

AC 

T-DS 

JS > 10-3 • 5 

1 1/2 ' 3/ S-3/lb ' 3/lb 

L-xOuarUin c 

' ISA . 

13/31 

AC 

T-DS 

38 x io-5 ' 5 

1 1/2 x 3/8-3/16 ' 3/lb 

Memphis into ~ C 

ISA 

17!:/)5L 

rcc 

T-PGKS 

S/A 

N/A 

.vcwark - C 

ISA 

4L/22K 

AC 

"« -OS 

JS * 10-3 * 3 

1 i/2 • i/S-i/lo x 3/1,, 

Sau t/icfcu LinJbcrg - l 

ISA 

9/27 

iYC 

1 “OS 

J5 * b * <» 

1 ' 1/4 ' 1/4 j 

Spring: ivld (111.) - l 

ISA 

4/22 

PCC 

1 -0$ 

J J ' <* ' i» 

1 1/4 - l/- x 1/4 

Yus ;pa Int. - l 

ISA 

ISL/iUu 

1*11 


’•/.V 

J 
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TABLE 8 .- GROOVED RUNWAYS CONSTRUCTED DRUING 1972 


Airport 

Country 

Runway 

Surface 

Grooving 

technique 

Baton Rouge - C 

USA 

4/22 

PCC 

T-PG 

Boston Logan - C 

USA 

4R/22L 

AC 

T-DS 

Cincinnati - C 

USA 

18/36 

AC 

T-DS 

Cincinnati - C 

USA 

9R/27L 

PCC 

T-DS 

Denver Stapleton - C 

USA 

17L/35R 

PCC 

T-DS 

Detroit Mcth** - G 

USA 

3L/21R 

PCC 

T-DS 

M aneapolis - C 

USA 

4/22 

PCC 

T-DS 

Oklahoma City - C 

US* 

17R/35L 

PCC 

T-PC 

Omaha Eppley Field - C 

USA 

14R/32L 

AC 

T-DS 

Osan - M 

USA 

9/27 

PCC 

T-DS 

Plattsbutg - H 

USA 

17/35 

PCC 

T-DS 

Shaw - >1 

USA 

4L/22R 

PCC 

T-DS 

Springfield (Mo.) - C 

USA 

1/19 

PCC 

T-DS 

St. Paul Holman - C 

USA 

12/30 

AC 

T-DS 

Waterloo Mun. - C 

USA 

12/30 

PCC 

T-DS 

Washington Nat. - C 

USA 

18/36 

AC 



T-DS 




Groove pattern 
P * W * D 


51 « 6 x 6 
57 « 8 « 6 
38 * 6 x 6 
38 - 6 * 6 
51 » 6 » 6 
32 x 6 « 6 
51 « 6 > 6 
25 x 13 » 13 
32 x 6 « 6 
32 x 6 * 6 
38 * 6 x 6 
51 x 6 ' 6 
(Skip 610) 

51 « 6 » 6 
32 * 6 * 6 
32 » 6 * 6 
32 x 6 ' 6 


2 * 1/* x 1/4 
2 1/4 x s/16 « 1/4 
1 1/2 x 1/4 » 1/4 

1 1/2 x 1/4 x 1/4 

2 x 1/4 x 1/4 

1 1/4 x 1/4 * 1/4 

2 « 1/4 x 1/4 

1 x 1/2 * 1/2 

1 1/4 x 1/4 x 1/4 

1 1/4 x 1/4 x 1/4 

1 1/2 x 1/4 * 1/4 

2 > 1/4 x 1/4 

(Skip 24) 

2 x 1/4 x 1/4 

1 1/4 x 1/4 x 1/4 

1 1/4 « 1/4 x 1/4 

1 1/4 x 1/4 x 1/4 


GROOVED RUNWAYS CONSTRUCTED DURING 1973 


& 

i 

l 

Airport 

Country 

Runway 

Surface 

Grooving 

Groove pattern, 
P • V ' D 

't 






nm 

in. 

r 

Allentown - C 

USA 

6/24 

AC 

T-DS 

32 > 6 ' 6 

1 1/4 x x /4 x J/4 

V 

Atlanta Int. - C 

USA 

9R/27L 

PCC 

T-PGWC 

S/A 

S/A 

I? 

Baltimore Int. - C 

USA 

10/28 

AC 

T-DS 

32 • 6 x 6 

1 1/4 • 1/4 » 1/4 

? 

Baltimore Int. - C 

USA 

15/33 

AC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 , 1/4 


Charles DeGaulle - C 

France 

N/A 

PCC 

T-DS 

N/A 

N/A 


Clarksburg - C 

USA 

3/21 

AC 

T-DS 

51 > 6 ' 6 

2x1/4, 1/4 


Cleveland Hopkins - C 

USA 

5R/23L 

AC 

T-DS 

38 • 6 > 6 

1 1/2 ' 1/4 x 1/4 


Dal las/ Ft. Worth - C 

USA 

17L/35R 

PCC 

T-DS 

38 • 6 - 6 

I 1/2 • 1/4 x 1/4 

1 

Dallas/Ft. Worth - C 

USA 

17R/35L 

PCC 

T-DS 

38 x 6 » 6 

1 1/2 x 1/4 . 1/4 

r 

Dallas/Fc. Worth - C 

USA 

13L/31R 

PCC 

T-DS 

38 » 6 x 6 

1 1/2 x 1/4 x 1/4 

* 

Gainsville Mun. - C 

USA 

10/28 

AC 

T-DS 

38 ' 6 * 6 

1 1/2 x 1/4 x 1/4 

I 

Griffiss - M 

USA 

15/33 

PCC 

T-DS 

51 > 6 > 6 

2 « 1/4 x 1/4 

f 

Huntington - C 

USA 

12/30 

AC 

T-DS 

32 x 6 x 6 

1 1/4 > 1/4 - 1/4 

> 

Jacksonville Int. - C 

USA 

7/25 

AC 

T-nc 

51 * 6 > 6 

2 x 1/4 x 1/4 

{ 

Lafayette (Ind.) - C 

USA 

10/28 

AC 

T-DS 

22 * 6 * 6 

1 1/4 « 1/4 ' 1/4 

S' 

LaCuardia - C 

USA 

13/31 

AC 

T-DS 

38 ■ 10-5 - 5 

1 1/2 x 3/8-3/16 

V 

Miami Int. - C 

USA 

9L/27R 

\c 

1-0S 

38 x 6 - S 

1 1/2 • 1/4 » 1/4 


Miami Int. - C 

USA 

9R/27L 

AC 

T-DS 

38 * 6 « 6 

1 1/2 » 1/4 x 1/4 


Patrick Henry Field - t 

USA 

6/24 

PCC 

T-pr,wc 

13 x 3 x 3 

1/2 x i /8 ' 1/8 

b 

\ 

Peoria (111.) - C 

USA 

12/30 

AC 

T-DS 

51-7* * 6 ' 6 

2-3 ■ 1/4 x 1/4 

Vv 

Savannah - C 

USA 

18/36 

PCC 

T-PCKC 

N/A 

N/A 


Scuth Bend - C 

USA 

9/27 

AC 

T-DS 

32 * 6 x 6 

1 1/4 > 1/4 ' 1/4 

i 

St. Louis Lambert - C 

USA 

6/24 

PCC 

T-DS 

32 * 6 » 6 

1 1/4 x 1/4 . 1/4 

i 

Van-.e - M 

USA 

17R/35L 

PCC 

T-DS 

51 > 6 ' 6 

2 ■ 1/4 ' 1/4 

> 

& 

Williamsport - C 

USA 

9/27 

AC 

T-DS 

32 ' 6 • 6 

1 1/4 x 1/4 « 1/4 






TABLE 10.- CROOVED RUNWAYS CONSTRUCTED DURING 1974 


Airport 

Country 

Runway 

Surt'ace 

Grooving 

technique 

Groove pattern, 
P x W * D 

am 

In. 

Albany (N.Y.) - C 

USA 

10/28 

AC 

T-DS 

32 * 6 * 6 

1 1/4 x 1/4 x 1/4 

Allentown - C 

USA 

13/31 

AC 

T-DS 

38 » 6 » 6 

1 1/2 x 1/4 x 1/4 

Bagotvllle - H 

Canada 

11/29 

PCC 

T-PCWC 

N/A 

N/A 

Bangor - C 

USA 

15/33 

PCC 

T-DS 

32 x 6 * 6 

1 1/4 x 1/4 x 1/4 

Cedar Rapids - C 

USA 

8/26 

AC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 

Cedar Rapids - C 

USA 

13/31 

AC 

T-DS 

32 x 6 x 6 

1 1/5 * 1/4 x 1/4 

Chattanooga - C 

USA 

2R/20L 

AC 

T-DS 

38 x 6 x 6 

1 1/2 x 1/4 x 1/4 

Chicago O'Hare - C 

USA 

14L/32R 

AC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 

Chicago O' Hare - C 

USA 

14R/32L 

AC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 

Chicago O'Hare - C 

USA 

9R/27L 

AC 

T-DS 

32 x 6 « 6 

1 1/4 x 1/4 x 1/4 

Cleveland Hop sins - C 

USA 

10L/28R 

AC 

T-DS 

38 x 6 x 6 

1 1/2 x 1/4 x 1/4 

England - H 

USA 

14/32 

PCC 

T-DS 

51 * 6 x 6 

2 * 1/4 x 1/4 






(Skip 610) 

(Skip 24) 

Elaworth - M 

USA 

12/30 

AC 

T-DS 

38 * 6 x 6 

1 1/2 x 1/4 x 1/4 

Harry S. Truman - C 

USA 

9/27 

AC 

T-DS 

51 x io x 6 

2 x 3 /g x 1/4 

Jacksonville Int. - C 

USA 

V25 

AC 

T-DS 

51 x 6 x 6 

2 x 1/4 x 1/4 

John F. Kennedy - C 

USA 

13L/31R 

AC 

T-DS 

38 x 10-5 x 5 

1 1/2 x 3/8-3/16 x 3/16 

John F. Kennedy - C 

USA 

4L/22R 

PCC/ AC 

T-DS 

38 x 10-5 x 5 

1 1/2 x 3/8-3/16 x 3/16 

Lawton - C 

USA 

17/35 

PCC 

T-PG 

51 x 6 x 3 

2 x 1/4 x 1/8 

Los Angeles Int. - C 

USA 

6R/24L 

PCC/ AC 

T-DS 

38 x 6 x 6 

1 1/2 x 1/4 x 1/4 

Louisville - C 

USA 

1/19 

PCC 

T-PGWB 

N/A 

N/A 

Memphis Int. - C 

USA 

17L/35R 

PCC 

T-PGWB 

N/A 

N/A 

Minneapolis - C 

USA 

11R/29L 

PCC/AC 

T-DS 

32 * 6 « 6 

1 1/4 x 1/4 x 1/4 

Newark - C 

USA 

4R/22L 

AC 

T-DS 

38 x 10-5 x 5 

1 1/2 x 3/8-3/16 x 3/16 

Patrick Henry Field - C 

USA 

2/20 

PCC 

T-PCWC 

13 x 3 x 3 

1/2 * 1/8 * 1/8 

Pittsburg - C 

USA 

10L/28R 

PCC 

T-DS 

32 x 5 x 6 

1 1/4 x 1/4 x 1/4 

Ponca City - C 

USA 

17/35 

PCC 

T-PG 

51 x 6 * 3 

2 x 1/4 x 1/8 

Washington Nat. - C 

USA 

18/36 

AC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 




TABLE 11.- GROOVED RUNWA'; CONSTRUCTED DURING 1975 


Airport 

Country 

Runway 

Surface 

Grooving 

technique 

Groove pattern, 
P * W * D 

mm 

in. 

Arlande - C 

Sweden 

N/A 

PCC* 

N/A 

25 x 3 * 3 

1 X 1/8 * 1/8 

Beaumont - C 

USA 

11/29 

PCt 

T-PG 

51 x 6 x 6 

2 x 1/4 x 1/4 

Boston Logan - C 

USA 

4L/22R 

AC 

T-DS 

57 x 6 x 6 

2 1/4 x 1/4 x 1/4 

Boston Logan - C 

USA 

15R/33L 

AC 

T-DS 

57 x 6 x ft 

2 1/4 x 1/4 x 1/4 

Cannon - H 

USA 

3/21 

PCC 

T-DS 

5' x a x ft 

2 x 1/4 x 1/4 






(Skip 610) 

(Skip 24) 

Charlotte - C 

USA 

5/23 

PCC /AC 

T-DS 

44 x 6 x 6 

1 3/4 * 1/4 x 1/4 

Chicago O' Hare - C 

USA 

9L/27R 

AC 

T-DS 

32 - 6 * 6 

1 1/4 * 1/4 x 1/4 

Chicago O' Hare - C 

USA 

4L/22R 

AC 

T-DS 

32 « 6 x 6 

1 1/4 x 1/4 x 1/4 

Denver Stapleton - C 

USA 

17L/35R 

PCC 

T-DS 

51 x 6 x 6 

2 x 1/4 x 1/4 

Das Moines Mun. - C 

USA 

12L/30R 

AC 

T-DS 

32 x (, x 6 

1 1/4 x 1/4 x 1/4 

Dunedin - C 

Nev 

N/A 

N/A 

N/A 

N/A 

N/A 


Zealand 






Elmira - C 

USA 

10/28 

AC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 

Erie - C 

USA 

6/24 

AC 

T-DS 

51 * 6 « 6 

2 x 1/4 x 1/4 

Fort Lauderdale - C 

USA 

9L/27R 

AC 

T-DS 

38 » 6 x 6 

1 1/2 x 1/4 x 1/4 

Grand Forks - M 

USA 

17/35 

PCC 

T-DS 

51 x 6 * 6 

2 » 1/4 x 1/4 

Houston Int. - C 

USA 

14/32 

PCC 

* r -PC 

51 x b x 6 

2 x 1/4 x 1/4 

Invercargill - C 

New 

N/A 

N/A 

N/A 

N/A 

N/A 


Zealand 






Kansas Cltv Int. - C 

USA 

9/27 

PCC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 

Kansas City Int. - C 

USA 

1/19 

PCC/ AC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 

Kincheloe - M 

USA 

15/33 

PCC 

T-DS 

51 » 6 « 6 

2 * 1/4 x 1/4 

Knoxville - C 

USA 

4L/22R 

PCC 

T-PCWB 

N/A 

N/A 

Lubbock Int. - C 

USA 

8/26 

PCC 

T-DS 

32 « 6 « 6 

1 1/4 x 1/4 x 1/4 

Monroe (La.) - C 

USA 

4/22 

PCC 

T-pr, 

13 « 6 x 3 

1/2 x 1/4 x 1/8 

Nev Haven - C 

t'JA 

2/20 

AC 

T-DS 

48 * 6 ' 6 

1 7/8 x 1/4 x 1/4 

Pittsburg - C 

USA 

14/32 

PCC/AC 

T-DS 

32 * 6 x 6 

1 1/4 x 1/4 x 1/4 

Pittsburg - C 

USA 

10R/28L 

PCC 

T-DS 

32 x 6 x 6 

1 1/4 x 1/4 x 1/4 

San Antonio - C 

USA 

12R/30L 

PCC 

T-pr. 

51 x 6 * 6 

2 x 1/4 x 1/4 

Tallahassee - C 

USA 

13/36 

AC 

T-DS 

UU * 6 * 6 

1 3/4 x 1/4 x 1/4 

Tampa - C 

USA 

18R/36I. 

AC 

T-DS 

4x6x6 

1 3/4 x 1/4 x 1/4 

Washington Nat. - C 

USA 

15/33 

AC 

T-DS 

32 x 6 * 6 

1 1/4 x 1/4 x 1/4 

Wilkes Jarre - C 

USA 

4/22 

AC 

T-DS 

38 x 6 x 6 

1 1/2 x 1/4 x 1/4 

Victoria Int. - C 

Canada 

N/A 

N/A 

N/A 

N/A 

N/A 

Zurich - C 

Switzerland 

N/A 

N/A 

N/A 

N/A 

N/A 


TABLE 12.- GROOVED RUNWAYS CONSTRUCTED DURING 1976 


Airport 

Country 

Runway 

Surface 

Grooving 

technique 

Groove pattern, 
P * K • D 

r.r. 

1 in. 

Albany County - C 

USA 

N/A 

AC 

T-DS 

J2 

- s 

6 

1 1/4 

■ 1/4 

• 1/4 

Boston Logan - C 

USA 

N/A 

AC 

T-DS 

57 

• 6 

6 

2 1/4 

• 1/4 

- 1/4 

Cumberland (Md.) - C 

USA 

N/A 

M/A 

T-DS 


N / ,\ 



N/A 


Jackson County 

USA 

N/A 

AC 

T-n*> 

32 

6 

6 

1 1/- 

■ 1/4 

* 1 '♦ 

(W.Va. ) - C 











Mhue (H.l.) - C 

USA 

N/A 

AC 

T-PS 


• 6 

6 

1 1/4 

■ 1/4 

> 1/4 

N\SA Kennedy - C 

USA 


PCC 

T-DS 


• b 

6 

1 1/R 

• 1/4 

' 1/4 

Raleigh Heights 

USA 

N/A 

PCC/Ai 

P-DS 


• b 

6 

1 1/4 

' i' ' 

1 'i 

(W.Va.) - C 











Wood County 

USA 

S/A 

AC 

T-DS 

JO 

• b 

h 

1 1.'2 


1/4 

(W.Va.) - C 












^ p °0& QUALIFY 
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TABLE 13.- D3V SDR AND NASA GREASE TEST ATD OBTAINED ON RUNWAYS 

EVALUATED JULY 1973 TO DECEMBER 1974 BY AFCEC 
[From reference 28] 


Airfield 

Runwa'- 

Surface 

Touchdown area, 
rubber deposits 

Trafficked, 
no rubber 

llntrafflcked, 
no rubber 

SDR 

ATD 


j ATD 


ATD 

non 

in. 

(a) 

mm 

1 In. 

(a) 

mm 

in. 

Travte 

211. 

PCC 

5.79 

0. 37‘"> 

0.G148 

2.28 

0.9677 

0.0381 





Fairchild 

23 

PCC 

4 75 

.1092 

.0043 

1.97 

.4318 

.0170 

1.97 

0.2769 

0.0109 

Castle 

30 

AC 

4.60 

.1448 

.0357 

2.00 

— 

— 

1.59 

.8306 

.0327 

Lorlng 

01 

AC 

4.58 

.1499 

.0059 

1.99 

.3632 

.0143 

— 

— 

— 

Travis 

21R 

AC 

4.01 

.3632 

.0143 

2.71 

.4140 

.0163 

2.18 

.5537 

.0218 

McGuire 

24 

AC 

3.92 

.1575 

.0062 

1.93 

.3073 

.0121 

1.33 

— 


Torrejon 

23 

AC 

3.85 

.1626 

.0064 

1.85 

! ’>533 

.045o 

1.50 

.6452 

.0254 

Mather 

22L 

PCC/ AC 

3.75 

.2083 

.0082 

l P* 


.0163 

— 

— 

— 

Blythevllle 

17 

PCC 

3.73 

— 

— 



— 

1.57 

— 

— 

Dover 

01 

PCC/AC 

3.62 

— 

— 

1.74 

— 


1.47 

— 

— 

Scott 

31 

AC 

3.61 

— 

— 

1.83 

— 

— 

1.47 



— 

Robbins 

32 

PCC 

3.59 

.2896 

.0114 

2.01 

.4928 

.0194 

— 



— 

Cannon 

21 

PCC/GPCC 

3.59 

— 

— 

1.74 

— 

— 

1.43 

— 

— 

Rickenbacker 

23L 

PCC 

3.40 

.2769 

.0109 

2.04 

.4851 

.0190 

1.S6 

.5055 

.0199 

Homestead 

05 

PCC 

3.37 

.2235 

.0088 

1.92 

7061 

.0278 

2.17 

.4140 

.0163 

Grltsoa 

22 

AC 

3.23 

.1041 

.0041 

1.66 

.5055 

.0199 

1.60 

.5283 

.0208 

Charleston 

15 

AC/PCC 

3.21 

.2159 

.C085 

2.55 

— 

— 

2.21 

.3302 

.0130 

Zaragosa 

31R 

AC 

2.93 

.2591 

.0102 

1.3' 

.5817 

.0229 

1.32 

.5537 

.0218 

Mather 

22R 

AC 

2.90 

.2083 

.0082 

2.18 

.4140 

• 01b3 

1.67 

— 

— 

Andrews 

OIL 

PCC 

2.89 

. 40b4 

.0160 

2.14 

.5588 

.0220 

2.28 

.9 298 

.0370 

Charleston 

2! 

AC 

2.79 

.3327 

.0131 

1.88 

.5817 

.0229 

— 

— 

— 

Shaw 

4L 

PCC/GPCC/AC 

2.77 

.3429 

.0135 

1.79 

.7264 

.0286 

1.52 

.4852 

.0191 

McCnnne 1 

18R 

AC 

2.77 




2.03 




«. 

__ 

_____ 

(lector 

35 

PCC 

2.72 

— 

— 

1.95 

.6121 

.0241 

1.89 





Dover 

31 

AC 

2.66 

— 

— 

1.89 





1.28 



__ __ 

Columbus 

13L 

PCC/AC 

2.62 

.4851 

.0191 

1.80 

.4851 

.0191 

1.71 

.5537 

.0218 

Clasgow 

28 

PCC 

2.61 

. 3032 

.0143 

2. ’ 1 

.2464 

.0097 

2.37 

. 1727 

.0068 

Andrews 

01R 

PCC/AC 

2.60 

.3302 

.0130 

1.73 

.635 

.025 

1.8. 

.686 

.027 

England 

14 

PCC 

2.34 

— 

— 

2.66 

.5055 

.01,99 






Avlano 

05 

AC 

2.51 

.889 

.035 

1.73 

1.168 

.046 

1.84 

.965 

.038 

R. Gebaur 

16 

PCC/AC 

2.50 

— 







2.29 



Vance 

1 7R 

PCC/AC/GPCC 

2.50 

— 

— 

1.50 

— 



1.53 





Soesterberg 

28 

AC 

2.42 

— 

— 

2 T 29 





1.57 

__ 



Columbus 

13R 

PCC 

2.40 




2.28 










England 

IS 

PCC/AC 

2.39 

.6452 

.0254 

2.57 

. b375 

.0251 

2.40 





Moody 

18K 

PCC/AC 

2.38 

.4851 

.0191 

1.48 

1.1633 

.0458 

1.32 

1.1633 

.0458 

Zwetbrucken 

03 

AC 

2.34 

.5283 

.0208 

1.35 

.8941 

.0352 

1.16 

.7264 

.0286 

Bentwaters 

25 

PCC/AC 

2.33 

.4851 

.0191 

1.44 

1.1633 

.0458 

1.57 

.6121 

.0241 

.•loody 

18L 

PCC/AC 

2.32 

.3073 

.0121 

1.66 

.5283 

.0208 

1.45 

.6121 

.0241 

Craig 

32L 

l‘CC/ AC 

2.27 

.4318 

.0170 

1.70 

. 3327 

.0131 

1.42 

1.3462 

.0530 

Rickenbacker 

23U 

AC 

2.26 

— 

— 

1.94 


— 





Vance 

1 70 

PCC/AC 

2.25 

.1448 

.0057 

1.45 

.8941 

.0352 

1.52 



_ 

Columbus 

13C 

PCC/AC 

2.22 

— 


1.90 





2.13 

_____ 



Uoodb ridge 

27 

AC 

2 . 22 

— 

— 

1.53 

— 

— 

2.01 

— 



Niagara Falls 

28 

AC 

2.12 

.1651 

.0065 

1.80 

.4 231 

.0191 

1.28 

.6121 

.0241 

Vance 

PL 

PCC 

2.10 


— 

2 . 09 

.4851 

.0191 

— 

— 

— 

McConnel 

18L 

AC 

2.03 

— 

— 

1.73 

— 

— 

1.89 

— 

— 

McGuire 

36 

pcc./ac 

2.00 

.1575 

.0062 

1 . 66 

.302 3 

.0121 

1.36 

— 

— 

Myrtle Beach 

17 

PCC/AC 

2 . 00 

.4013 

.0158 

1.57 

.5283 

.0208 

1.52 

.6452 

.0254 

Cannon 

30 

fcc/ac 

2.00 

— 

— 

1.65 

— 

— 

1.81 

— 

— 

Shaw 

04 It 

PCC/PGWC/PCC 

1.99 

.1150 

.0124 

1.13 

1.5570 

.0613 

1.38 

— 

— 

Erding 

2b 

PCC 

1.93 

.2184 

.0086 

2 . 04 

.4851 

.0191 

1.73 

.4470 

.0176 

llurlburt 

35 

PCC/AC 

l.o9 

.5055 

.0199 

1.92 

.0832 

.0269 

1.34 

.8306 | 

.0327 

Me Chord 

34 

m; 

1.87 

. 7747 

.0305 

2.2 J 

.8 306 

.0327 

2.13 

. 7747 

.0305 


a 


DBV SIN*. 1 minutes alter vetting 




TABLE 14.- 'IBP S:H OBTAINED OS RCXUAYS EVALUATED J.V-CAKY T>> JUNE 19/5 BY AFCEC 

[Fm reference 18] 


Airfield 

Rum ay 

kubber-coated touch Jov-n areas 

Trafficked, 
no rubber 
(wheel paths) 

Intraff leked, 
no rubber 
(runway edge) 

Primary 

Secondary 

SDR 

(a) 

Surface 

SDR 

(a) 

Surface 

SDR 

(a) 

Surface 

SDR 

(a) 

Surf are 

Palmdale 

07/25 

6.12 

?CC 

2.55 

PCC 

2.31 

PCC 



PCC/AC 

March 

13/31 

5.19 

PCC 

2.46 

PCC 

2.21 

FCC 

— 

AC 

darts dale 

14/32 

4.73 

AC 

3.7U 

AC 

1.84 

AC 

1.4C 

AC 

Norton 

05/23 

4.58 

PC'* 

2.75 

PCC 

2. ! Q 

PCC 

2.40 

PCC 

b Uebb 

17L/35K 

2.95 

PCC/AC 

1.51 

PCC/AC 

4.51 

AC 

— 

AC 

Dyess 

16/34 

3.52 

PCC 

4.46 

PCC 

2.61 

PCC 

— 

AC 

Carswell 

17/35 

3.78 

AC/ PCC 

4.11 

ICC 

2.36 

AC/PCC 

1.32 

AC 

Elmendorf 

05/23 

3. Si 

AC 

1.92 

AC 

2.95 

AC 

1.52 

AC 

Reese 

17R/35L 

3.03 

PCC 

1.85 

PCC/AC 

1.80 

PCC/AC 

1.72 

AC 

Davis Hon then 

12/30 

2.98 

AC 

2.50 

FCC 

1.54 

AC 

1.39 

AC 

Palmdale 

04/22 

2.88 

AC 

2.43 

AC 

1.82 

AC 

2.05 

AC 

“Webb 

17R/35L 

2.82 

PCC/AC 

2.65 

PCC/AC 

2.69 

AC 

— 

AC 

Laughlin 

13C/31C 

2.70 

PCC/AC 

l.SS 

PCC/AC 

1.69 

AC 

1.75 

AC 

Randolph 

14L/32R 

2.65 

PCC 

2.16 

PCC 

2.05 

PCC 

2.27 

PCC 

Yokota 

13/36 

2.61 

PCC 

1.95 

PCC 

1.91 

PCC 

1.94 

PCC 

Reese 

17C/35C 

2.37 

AC 

2.59 

AC 

2.15 

AC 

2.06 

AC 

Williams 

12L/30R 

2.52 

PCC/AC 

1.57 

AC 

1.68 

AC 

1.65 

AC 

‘Williams 

12C/30C 

2.39 

PCC 

— 


— 

— 

— 

— 

Williams 

12R/30L 

2.36 

PCC 

2.16 

PCC 

2.22 

PCC 

2.03 

PCC 

I^ughHn 

13L/31L 

2.15 

PCC/AC 

2.31 

PCC/AC 

1.35 

AC 

— 

AC 

Elmendorf 

15/33 

2.21 

AC 

1.86 

AC 

2.05 

AC/ n CC 

— 

AC 

Lau^hlin 

13R/31L 

1.87 

AC 

2.20 

AC 

1.56 

AC 

— 

AC 

Randolph 

14R/32L 

2.13 

PCC/AC 

1.90 

PCC 

1.48 

rcc/AC 

1.39 

PCC/AC 

n/udeidxrg 

12/30 

1.59 

AC 

1.5a 

AC 

1.60 

AC 

1.32 

AC 

Rease 

17L/35R 



PCC/AC 



PCC/AC 

1.39 

AC 

— 

AC 


*Av. rage DBV SDR 3 minutes after wetting. 

^Asphalt emulsion diluted with water applied to asphaltic concrete. 
c Runway under construction. 
d Hew runway surface. 
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w.- am tm aircraft sat onma on i 


; uriH ak» utnovr i 


[Ftu refer 


«um I MH-lC 


12/7) l7l/)S|U-< 


iKMitaa Imt. 


■*/i» 

10/71 

2/25/71 

■L/ZCt 

Heavy* 

ned ’ 

Lt- 

Nom 

Heavy 

3.46 tc 2.94 

2.0C to 2.52 

l.n to 1.44 
2.27 to 2.4) 

1/71 

90/271. 

Heavy 

4.62 to 3.51 




2.4) 


9L/27R 

Heavy* 

3.16 to 2. 38 



ned 


5/71 

»i/2n. 

Heavy- 

2.42 to 1.51 


It 

9R/27L Rone 


| 9L/27R *>ne 



7/69 '.R/22U Sooe 

7/69 Beery 


11/71 I 9A/27L I Heavy- 


6/72 2L/20R U 

Sofic 


.'»rry S. TieMn 6/70 9/27 Iteavy 

Sour 


| ^cynoui -Johnson AFB | 7/69 8/26 Rone 

Ueavy- 


1 *! 1 

MV 

Aircraft 

*1.59 to 2.4* 

_ 

1.74 


2,77 to 1.97 

- 

1.79 


*2.10 


■1.50 



SwiKt; 
Ante 1ms relied 


Cram patten; 


MS ■ (1000 ft) 
rcc. 2430 B 

(oooo ft) etec, 

105 B (1000 ft) 
IOC; dot* Bhl.o 

)l>ix|B 

(2 < 1/4 > 1/5 in.), 
grnnon *10 on (2 ft) 
nfcl, *10 ■ (2 ft); 
1971 

305 n (1000 ft) 

St * 4 * 4 an 

rcc, 1)67 ■ 

(2 > 1/4 x 1/4 in.). 

(1500 ft) acc. 

gram 610 na 

1)70 e (4500 ft) 

(2 ft) nkl, *10 on 

CMC, 305 e 
(1000 It) roc; 

(2 ft); 1921 

457 m (1500 ft) 

51 " 6 * 4 an 

KC, 853 m 

(2 x 1/4 « 1/4 In.): 

(2tot ft) croc, 
1036 m (3400 It) 
AC; date adarn 

197) 

rtX; date onfcncun 

Uagroeved 


Uagrocved 
U « 6 i 4 ■ 

(2 « 1/6 * 1/4 !*.); 


AC overlay; 11/72 | Cagrooved 



*D1V Keat area contained both grooved and ungrooved pavements 

b 

Rubber moved alter test. 
c »-727. 

d DC-». 

Sl/ 271 b<10| grooved nt tine of cost. 


Hi U>tB 
(1 i/Z > 1/4 
« 1/4 U.); *l»»l 


It » 10-5 • 1 sa- 
il V* « l/*-l/l* 
« !/• to.); 1947 


12 . 10- 1 « 4 v 
(l 1/4 « 3/8-1/4 
« 1/4 to.); ll-i 


12 » « « 6 M 

<1 1/4 « 1/4 
> 1/4 In.); 1970 


Logrooved 
J8 • 6 » 6 ■ 

(1 1/2 * 1/4 
* 1/4 U.); 4/70 


51 « 6 * 6 m 
(2 1/4 * 1/4 
> 1/4 in.), 
groove 610 an 
(2 It) skip 610 mt 
(2 ft); 1968 


Reference • 


Per obit abed 


Papuhlf abad 


Reference 1 

Unpublished 



ORIGINAG PAGE J9 
OF POOH QUALITY 


USittl -*.** 1 -« ** mm - *r* ** 












































TABU: 17 .- DCV SDK AIO) NASA CKtASE TEST AID OtTAINLD CK RUNWAYS EYALlATUi UY ThL FAA 7 RIAL APPLICATION 
RLNVAt FRICTION CALIBRATION AND PILOT INFORMATION PROGRAM OLSl.’X Aid ST .V\l> SLPTI-U.LK IV 75 


Airpott 


Allentown 


Akrcm-Cant on 


Boston Logan 


Burlington 


Charlestoi 


Cincinnati 


Surface 

(a) 


Touchdown area, 
rubber deposits 


CAC 

1.0 

CAC 

0.75 

AC 

1.4 

AC 

1.4 

CAC 

1.0 

CAC 

1.0 

CAC 

1.0 

AC 

1.0 

AC 

1.0 

crcc 

o.s 


CAC 1.5 

crcc l . 5 


rafficked, nc rubber 


Alii 


1 

l.ain j 

0.040 

l.lv- i 

t 

(>.0.7 


Cleveland 


Ft. Wayne 


crcc 1.0 

PCC/AC 1.0 


PIT. 1.0 

rcc i.o 


rcc/.w o .9 

lMC/.-'J N/A 


Grand Rapids 

SK 

261 

I’LO/AC 

1.5 

2.36 
l ,9t> 

0.254 

.254 

0.010 

.010 

1.57 

Bl 

0.005 


u 

3b 

PCc 

1.5 

1.68 
1. JS 

0.686 
1.118 * 

1 

l.-j 

1.016 

0.040 

Mad ison 

u 

AC 

1.5 

1.62 

.18 1 

.015 

1 54 

.127 


- 

31 

1.70 

.254 

.010 




Number on right of column represents the runway transverse slope in percent 
Under construction. 








































































































TABLE 17.- Concluded 


Airport 

Runway 

Surlace 

(a) 

Touchdown area, 
rubber deposits 

Trafficked, no rubber 

DRV SDR 

AT0 


ATD ] 

OB 

in. 

bBV SDR 

— 

in. 

Milwaukee 

b lL 

b 19R 

7R 

23L 

PCC 1.0 

1.67 

1.02 

0.818 

1.118 

0.011 

.044 

1.36 

0.412 

0.017 

Noline 

9 

27 

12 

10 

a>: l.o 

p«x t.o 

2.14 

2.77 

2.66 

2.91 

0.108 

.102 

.216 

.112 

0.020 

.004 

.009 

.006 

2.65 

2.49 

0.106 

.127 

0.020 

.0C3 

Feorla 

X) 

12 

4 

22 

LAC 1.21 

AC 1.0 

1.16 

1.12 

1.14 

1.44 

0.961 

.991 

.611 

.101 

0.018 

.019 

.021 

.012 

1.16 

1.4} 

1.397 

1.270 

0.055 

.050 

Philadelphia 

9R 

27L 

AC 1.0 

4.99 

1.17 

0.127 

.127 

0.001 

.001 

2.47 

0.279 

3.011 


10R 

CAC 1.0 

2.11 

1.149 

0.061 

1.63 

l.ton 

0.061 


28L 


2.54 

1.149 

.061 




Pittsburg 










10L 

CAC 1.5 

1.4} 

1.149 

.061 

1.35 

1.600 

.061 


28R 


1.49 

1.626 

.064 





11 


1.14 

0.737 

0.029 

:.27 

0.717 

0.029 


29 


1.41 

. 762 

.010 




Portland. Maine 










18 

AC 1 .0 

1.86 

.214 

.010 

1.77 

.279 

• Oil 


11 


1 .S3 

.279 

.011 





10 

AC 1.0 

1.74 

0.119 

0.022 

1.79 

0.316 

0.014 


28 


2.18 

.178 

.007 




Rochester. N.Y. 










A 

PCC 1.0 

1.68 

.102 

.004 

3.60 

.112 

.006 


22 


4.10 

.127 

.001 





*Huraber on right of coluran represents the runway transverse slope in percent. 

b 

Under construction. 


TABLE 18.- U.S. POROUS ASPHALT RUNWAY SURFACE CONSTRUCTION 


Year 

Airport 

Runway 

Year 

Airport 

Runway 

1970 

Hahn AO - H 

RAF Hilden Hall - M 

Wiesbaden AS - H 

11/29 

1971 

St. Louis Lacbert - C 

6/24 

1/29 

8/26 

1974 

Aberdeen (S. Dak.) - C 
Farmington (N. Mex.) - C 
Creensboro-High Point - C 
Hill AFB - :i 
Las Vegas (Nev.) - C 
RAF Bentvaters - M 
RAF Lakerheath - M 
Roswell (X. Mex.) - C 
Sioux City (Idaho) - C 

13/31 

7/2S 

14/32 

14/32 

7/23 

7/21 

6/24 

17/31 

17/31 

1971 

Jallas NAS - M 
Gallup (N. Hex.) - C 

17/31 

6/24 

1972 

Denver Stapleton - C 
Denver Stapleton - C 
Great Falls Int. - C 
Hot Springs (Va.) - C 
Nashville Metro. - C 
Sioux Falls (K. Dak.) - C 
Springfield (Ko.) - C 
Vernal (Utah) - C 
Wichita Mun. - C 

8L/26R 

8U/26L 

16/34 

6/24 

2L/20R 

11/33 

11/31 

16/34 

K/A 

1971 

Boise (Idaho) - C 
Jackson Hole (Wyo.) - C 
Janes town (N. Oak.) ~ C 
Las Vegas (Nev.) - C 
Missoula (Mont.) - C 
Monroe (La.) - C 
Pierre (S. Oak.) - C 

10R/28L 

18/16 

12/30 

1K/I9L 

11/29 

4/22 

13/31 

1973 

tie 1 ling ha® (Wash.) - C 
Cedar City (Utah) - C 
Pease AFB - M 
Portland (Maine) - C 
RAF Alconbury - M 
Rapid City (S. Oak.) - C 
Karas tein AB - K 
Sait Lake City (Utah) - C 
Salt Lake City vUtah) - C 

16/34 

2/20 

16/34 

11/29 

12/30 

14/32 

9/27 

16L/34K 

16K/34L 






225 

oiug^’ax PAGE IS 

vOoR QUALmi 





L = 0.61 m 12 111 NOSE WHEEL 
I = 3.0S m 110 It' * MAIN WHEEL 


100 

so 

mm hr „ 

S = 0LZ5 * 


‘ S - 0.50 

^ * * 

0 

100 

S = 1.00* 

/ > 


S = 1.50* 

/ 4 

/ * 
/ / 

/ / 

50 

- / 

/ ✓ 
/ / 

I * 

/ * 


/ « 
/ / 
/ / 

/ / 

/ ✓ 

/ ✓ 

0 

o 

o 

CSJ 

o 

1.0 2. 


0 l r ■ in,hr 

I 

4 


2.0 mm 


0 .04 .08 0 .04 .08 in. 

PAVEMENT SURFACE TEXTURE DEPTH T 


Figure 1.- Rainfall rate required to flood tire path on conventional 
runway surfaces. Landings on center line. 
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Figure 2.- Water drainage from concrete runway at P11F . Water truck 
wetting; runway 6/24; wind from 60° at 10 knots. 
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Figure 3.- Space shuttle landing facility at KSC 


Figure 4.- Space shuttle landing facility at KSC with slip-form 
paving equipment, leveling tube, and longitudinal broom. 
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Figure 5.- Space shuttle landing facility at KSC with 
pavement grooving machine (diamond blades). 
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Figure 6.- Concrete runway surface texture of 
space shuttle landing facility at KSC. 
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Figure 7.- Surface flooding on space shuttle grooved runway 
during thunderstorm 6/20/76. 
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Figure 8.- Water drainage from grooved and ungrooved asphalt. 
Grooving pattern, 38 * 6 * 6 mm (li x | x | in.). 
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Figure 9.- Delayed wheel spin-up at touchdown 
on flooded runway. 



Figure 10.- B-737 tire reverted rubber skid patch after 
1.8 km (6000 ft) locked-wheel skid on wet smooth 
concrete. 
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Figure 11.- Aircraft flight test confirmation of reverted 
rubber hydroplaning 1965 NASA track; 32 x 8.8 aircraft 
tire; flooded runway. 
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Figure 12.- NASA, model for combined viscous and dynamic 

tire hydroplaning. 
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Figure 13.- Prediction of aircraft tire friction coefficient 
from ground-vehicle braking test on a wet runway by NASA 
theory. 



Figure 14.- Empirically derived relationship between sliding (Y^) 
and rotating (Yd) tire hydroplaning parameters. 
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Figure 15.- Aircraf t/ground-vehicle correlation problem for 
wet and puddled smooth concrete surface. 
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Figure 16.- Aircraft/grpund-vehicle correlation problem for 
wet and puddled grooved asphalt. 


233 




0 .2 .4 .6 .8 1.0 

MU-METER READING (34.8 knots) 


Figure 17.- DEV /Mu-Meter relationship found by 
USAF tests (ref. 28). 
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Figure 18.- DBV/Mu-Meter relationship found by 
FAA tests on 31 runways. 
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Figure 19.- Comparison of NASA DBV with Mu-Meter 
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Figure 20.- Comparison of NASA DBV with skiddometer. 
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Figure 21.- Comparison of NASA DBV with Miles trailer. 
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Figure 22.- Prediction of CM trailer M S kid from CM trailer 
U ma Y data. A STM smooth tread tire; data from reference 22. 
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Figure 23.- Prediction of skiddometer U mav from Miles trailer 
U s kid data. Data from references 21 and 22. 
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Figure 24.- Prediction of skiddometer and GM trailer L^ax 

from DBV data. Data from references 21, 22„ and 30. 


237 



I 

i 


— MU -MEIER PREDICTION ° SKIDDOMETER u„ O GM TRAILER p 



§ 


© 


SURFACE B 


max 


max 


8 B© 


SURFACE C 
i 





SURFACE I 
I 


Figure 25.- Prediction of skiddometer and GM trailer U^ax 
from Mu-Meter friction reading = 7.5°). Data from 
references 21, 22, and 30. 



angle relationships for 5.60-13 automobile tire. 
F z = 2. 7 0 kN; p = 167 kPa; from reference 31. 
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Figure 27.- Mu-Meter correlation with aircraft stopping 
distances on wet surfaces. 
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Figure 28.- Aircraft /DBV correlation on wet runways 
for different jet transports. 



AIRCRAFT BRAKING 




Figure 29.- Prediction of aircraft braking performance 
on wet runway from DBV braking test. JFK runway 4R/22L 
grooved concrete; water truck wetting. 
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Figure 30.- Prediction of aircraft braking performance 
on wet runways from DBV braking test for DC-9 and 
C-141 jet transports. 
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Figure 31.- Prediction of aircraft braking performance on wet 
runway from DBV braking test for 5-737 and L-1011 jet 
transports. Roswell runway 3/21; smooth concrete. 
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Figure 32.- 1/umber of grooved runways at 
U.S. air carrier airports. 
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(a) Plastic grooving with segmented drum. 



(b) Plastic grooving with wire comb. 

Figure 33.- Examples of plastic grooving 
of Portland cement concrete. 
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Figure 34.- Wet skid resistance of several new .type 
runway surface treatments. Artif’-ial wetting. 
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Figure 35.- Tire damage from wheel spin-up at touchdown on dry 
grooved runway, l.'allops grooved concrete; groove pattern, 
25 x 6 * 6 tin (1 x 1/4 x 1/4 in.); CV-990 jet transport 
MLG tire, size 41 x 15.0-18; p = 1102 kPa (160 lb/in"); 

V r - 125 knots. 
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Figure 37.- Effect of rubber deposits on runway surface texture. 
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figure 33.- Effect of rubber deposits on ruin. ay 
traction before and after greeting. 
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Figure 39.- Approach end of uAFu runway 25 before ancl after 
rubber removal by high-pressure water blast. 
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Figure 40.- Effect of rubber removal by high-pressure water 
blast on runway traction. LAFB runway 25; Nay 1975. 




